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The fungus Macrophomina phaseolina (Tassi) Goidanich (Mp) is the causal agent of
charcoal rot in soybean and infects over 500 plant species worldwide. Mp produces various
mycotoxins and is suspected of utilizing a toxin-mediated process to penetrate host tissue.
Identification and evaluation of secondary metabolites produced by Mp will further elucidate the
pathogenesis mechanisms used by the fungus. Mp cultures isolated from soybean were evaluated
for phytotoxicity in a hydroponic soybean bioassay and chemically analyzed by LC-MS/MS. All
Mp cultures at two dilutions induced phytotoxicity symptoms including chlorosis, necrosis,
wilting, stunting, and death. Analysis identified 13 unreported secondary metabolites including
mellein, a compound with various biological activities. The phytotoxicity of mellein was
evaluated against soybean seedlings in hydroponic culture, and symptoms of wilting and stunting
were observed at levels above 40 µg/L. Observations suggest that mellein does not directly
contribute to the phytotoxic effects of Mp cultures.
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CHAPTER I
INTRODUCTION
Macrophomina phaseolina (Tassi) Goidanich is a fungal pathogen that has a broad host
range (over 500 species) and affects many plant types such as row crops, fruit trees, and
ornamentals (Dhingra and Sinclair 1978; Hartman et al. 1999). M. phaseolina is an
internationally distributed pathogen and causes many diseases including charcoal rot, crown and
root rot, wilt, and among others, which result in significant yield loss around the world (Wyllie
1976; Kaur et al. 2012). Within the M. phaseolina population, there is large presence of
phenotypic and genetic diversity which is independent of geographical origin (Mayék-Pérez et
al. 2001; Reyes-Franco et al. 2006; Dhingra and Sinclair 1972; Dhingra and Sinclair 1973). A
notable characteristic of M. phaseolina is the ability to synthesize secondary metabolites and
toxins such as phaseolinone, phaseolinic acid and botryodiplodin (Dhar et al. 1982; Mahato et al.
1987; Ramezani et al. 2007; Bhattacharya 1992;). More recently, the toxins are suspected to
facilitate physical entry into the plant by creating necrotic areas on root tissue for fungal hyphae
to enter the host (Bellaloui et al. 2012; Shier et al. 2012).
Soybean [Glycine max (L.) Merr.], a legume row crop that is susceptible to infection by
M. phaseolina, is the second most produced crop in the United States (Wyllie 1988; USDANASS 2019). In 2018, the US produced 123.7 metric tons of soybean which was valued at $39.1
billion (USDA-NASS 2019). The US is the largest producer of soybean in the world and
produces 35% of the world’s supply of soybean (USDA-FAS 2019). During the 20th century,
1

many technological advancements in soybean production, such as the development of high-yield
cultivars, introduction of glyphosate-resistant cultivars, and implementation of improved
agronomic practices like no-till farming, were achieved, and along with the discovery of new
applications for the soybean meal, oil, and byproducts, demand for the legume crop increased
(Warren 1998). As a result, soybean has become one of the most economically important crops
in the United States and the world (USDA-NAS 2019; USDA-FAS 2019).
The objective of this research is to identify the range of toxic secondary
metabolites produced by M. phaseolina cultures isolated from soybean and different locations
and evaluate the symptoms and level of phytotoxicity in soybean of the identified secondary
metabolites.

2

CHAPTER II
LITERATURE REVIEW
2.1

Soybean
Soybean (Glycine max (L.) Merr.), a species of legume, is part of the family Fabacea

(Hartman et al. 1999). The plant is native to East Asia and is thought to be domesticated
originally in China between 7000 and 6000 B.C., in Japan between 5000 and 3000 B.C., and in
Korea around 1000 B.C. (Hartman et al. 1999; Lee et al. 2011). In 1765, Samuel Bowen
introduced the soybean plant to Savannah, Georgia, USA, and the plant was primarily grown as a
forage crop for animal consumption until 1920 (Hymowitz and Harlan 1983; Hartman et al.
1999; Warren 1998). Between the 1940s and 1950s, the demand for soybean increased due to the
need for more lubricants, plastics, and oil during World War II, and as a result, the US surpassed
China, Japan, Korea, and Indonesia in soybean production (Hymowitz 1970). During the 20th
century, many advancements were made in technologies surrounding soybean cultivation and
uses which led to an increase in demand, and ultimately, the crop became the primary source of
cheap oil and protein (USDA-NASS 2019; Hartman et al. 1999; NC Soy 2019; Warren 1998).
According to the North Carolina Producers Association, soybean seed is composed of
80% meal and 20% oil (2019). Ninety-seven percent of the meal component is used as animal
feed to feed livestock and poultry while the remaining 3% is used for consumer food products
like soy milk, tofu, soy sauce, etc. Approximately 68% of the oil component is used in making
other consumer products like vegetable oil, margarine, etc., and the remaining percentage of oil
3

is converted into biodiesel and other industrial products such paints, plastics, and cleaners (NC
Soy 2019; Hartman et al. 1999). As more technologies for soybean utilization are developed, the
demand for soybean production will surely and steadily increase (NC Soy 2019).
Currently, soybean is one of the most economically important commercial crops in the
US, and as of 2018, the total production of soybean was valued at approximately $39.1 billion
(USDA-NASS 2019). According to statistics provided by the United States Department of
Agriculture Foreign Agricultural Service, the world’s total production of soybean in 2018
reached 355.7 million metric tons, and the US produced 35% of the world’s production of
soybean with 123.7 million metric tons, which makes the US the world’s largest producer of
soybean and makes soybean the second most produced commercial crop in the US only behind
corn (USDA-FAS 2019; USDA-NASS 2019).
2.2

Soybean disease and contribution to yield loss
Soybean, like other row crops, is susceptible to infection by plant pathogens that can

result in diseases, which can reduce yield quantity, seed quality, and grain quality. Occurrences
of these diseases are affected by many factors such as location, temperature, environmental
conditions, cultural farming practices, disease history of the fields, and the variety of cultivar
used, and because so many factors affect disease development, diseases can vary by incidence
and severity from year to year (Allen et al. 2017). In the US, an estimated 11% of total soybean
production is lost to soybean diseases (Hartman et al. 1999). Soybean diseases are caused by a
variety of organisms, including fungi, bacteria, nematodes, and viruses, and these diseases are
typically classified into the following categories based on how pathogens affect the plant: foliar
diseases, stem and pod diseases, root and lower stem diseases, and seedling and seed diseases
(Hartman et al. 1999).
4

To understand the effect of soybean diseases, extension researchers survey fields, rate
disease incidences and severities of infected plants, and calculate an estimate for soybean yield
lost to diseases (Allen et al. 2017; Wrather and Koenning 2009). In 2014, the total estimated loss
due to soybean diseases in the US and Ontario, Canada was 511.6 million bushels. The top ten
diseases or disease types that caused the most yield loss in the Southern US were as follows:
1. soybean cyst nematode (SCN);
2. non-SCN nematodes;
3. sudden death syndrome;
4. frogeye leaf spot;
5. charcoal rot;
6. other diseases like Texas root rot, red crown rot, and target spot;
7. Cercospora leaf blight or purple seed stain;
8. seedling diseases caused by Rhizoctonia, Pythium, Fusarium, and Phomopsis;
9. Septoria brown spot; and
10. pod and stem blight (Allen et al. 2017)
More specifically, in the Mid-South region of the US, there are numerous diseases
affecting soybean crops. In 2018, the estimated yield losses due to soybean diseases in the MidSouth were approximately 89.94 million bushes at $10 per bushel which total to $899.6 million
(Heatherly 2019). Bacteria, fungi, nematodes, and viruses all contributed to yield losses,
however, soybean cyst nematode with 17.88 million bushels proved to be the largest contributor
of yield loss in 2018 in the Mid-South (Heatherly 2019). Other notable diseases contributing to
yield loss in bushels were bacterial blight with 270,000, sudden death syndrome with 1.51
million, charcoal rot of soybean with 4.12 million, frogeye leaf spot with 4.68 million, and
5

Cercospora leaf blight with 8.01 million (Heatherly 2019). The total yield loss contributed by
disease affected 8% to 21% of total soybean production depending on the state (Heatherly 2019).
Of the diseases mentioned, charcoal rot disease is one of the most notable due to its wide host
range, survivability in hot, dry environmental conditions, and genetic variability (Wyllie 1976;
Dhingra and Sinclair 1978; Short 1980; Mayék-Pérez 2001; Reyes-Franco 2006).
2.3

Macrophomina phaseolina
Macrophomina phaseolina (Tassi) Goidanich is a soil- and seed-borne fungus that is the

causal agent of charcoal rot in soybean (Dhingra and Sinclair 1978). The pathogen has a
sclerotial stage, in which it produces microsclerotia as reproductive structures and a sporulating
stage, in which it produces pycnidia as the asexual reproductive structures (Wyllie 1976; Dhingra
and Sinclair 1978). The plant pathogen was first identified in 1890 as Rhizoctonia bataticola by
B. D. Halsted, when he observed that the roots of the sweet potato were filled with small specks
of charcoal (Dhingra and Sinclair 1978). From 1912 to 1947, the pathogen was observed several
times by other scientists, and the taxonomic status has been revised to the following genus:
Sclerotium, Rhizoctonia, Macrophoma, and finally Macrophomina phaseolina (Dhingra and
Sinclair 1978).
M. phaseolina has a wide host range (over 500 plant species), and isolates of the
pathogen display heterogeneous host specificity, in which it can infect both monocot and eudicot
plant species (Wyllie 1976; Su et al. 2001). Even though isolates are not host-specific, some
isolates do exhibit preference for some hosts over others (Su et al. 2001). A high degree of
genetic variability between isolates from different locations has been observed, which may
contribute to the wide host range and varying levels of pathogenicity (Mayék-Pérez et al. 2001;
Reyes-Franco et al. 2006; Dhingra and Sinclair 1972; Dhingra and Sinclair 1973). High level
6

phenotypic variability is present in M. phaseolina isolates, and morphological characteristics like
microsclerotia size, pycnidia size, color, etc. can vary greatly among isolates (Dhingra and
Sinclair 1978; Pearson et al. 1987; Hartman et al. 1999)
M. phaseolina is distributed worldwide, including the US, Egypt, Iran, China, India,
Spain, West Africa, to name a few, and causes different diseases in a wide variety of hosts such
as soybean, strawberry, cassava, mung bean, safflower, guava, cactus plants, and canola (Wyllie
1976; Abdel-Kader et al. 2010; Khangura and Aberra 2009; Msikita et al. 1997; Dwivedi 1990;
Zhang et al. 2011; Razavi and Pahlavani 2004; Yang and Navi 2005; Aviles et al. 2008). Disease
development is typically favored by factors that cause plant stress, so countries with low
moisture, high temperatures (30–35°C), poor soil fertility, and high seeding rates will usually
have more severe cases of disease (Kendig et al. 2000; Mihail 1989; Hartman et al. 1999; Wyllie
1976).
M. phaseolina overwinters as microsclerotia in the soil or in root or stem tissue of crop
residue and can survive harsh weather conditions for up to 3–5 years in the soil (Baird et al.
2003; Hartman et al. 1999). In soybean, the pathogen can infect the plant at any growth stage
through the root system, and there is suspicion that cell wall degrading enzymes and phytotoxins
play a role in the infection process of the fungus (Short et al. 1980; Baird et al. 2003; Ammon
and Wyllie 1972; Bhattacharya et al. 1992; Bellaloui et al. 2012). The mechanism for the role of
phytotoxins in the root infection process is unknown, but it has been theorized the toxins may
create a necrotic area on the plant tissue and allow the fungus to physically enter the plant root
(Bellaloui et al. 2012). After penetration, the fungus will enter the vascular system of the plant
and induce a range of symptoms (Dhingra and Sinclair 1978; Mayék-Pérez et al. 2001; MayékPérez et al. 2002; Hartman et al. 1999). Plants infected by M. phaseolina usually develop light
7

grey to dark brown spindle-shaped lesions externally on roots and stems and internally in
vascular tissue (Dhingra and Sinclair 1978; Wyllie 1988; Hartman et al. 1999). Damage to
vascular tissue will lead to symptoms like wilting and stunting because water and nutrient uptake
is blocked by damaged tissue or the presence of fungal tissue in the xylem or phloem tissues
(Wyllie 1988; Hartman et al. 1999).
2.4

Mycotoxins produced by Macrophomina phaseolina
Like other fungi, M. phaseolina isolates have the ability to produce secondary

metabolites which are organic compounds that are not essential to the growth and development
of the organism, and some secondary metabolites known as mycotoxins can be toxic to animals
and plants (Croteau et al. 2000; Bhattacharya et al. 1992). Due to the high genetic variability of
M. phaseolina, the pathogen is likely to produce a range of secondary metabolites and more
specifically mycotoxins with different biological activities (Mayék-Pérez et al. 2001; ReyesFranco et al. 2006; Dhingra and Sinclair 1972; Dhingra and Sinclair 1973).
Phaseolinone was one of the first toxins isolated and identified from M. phaseolina
culture filtrates in 1979, and it was observed inhibiting seed germination in black gram and RNA
polymerase activity in isolated rat liver nuclei (Siddiqui et al. 1979; Bhattacharya et al. 1990;
Bhattacharya et al. 1994). In 1982, the chemical structure of phaseolinone was characterized in
detail and described as an eremophilane sesquiterpenoid (Dhar et al., 1982).
Gupta et al. were the first group to isolate and describe the toxin, botryodiplodin (1966).
Later, several other groups would isolate the toxin from Pencillium carneolutescens G. Smith
(Fujimoto et al. 1977), Apiosordaria sp., Lacunospora tetraspora [syn. Apiosordaria tetraspora
J.C. Krug, Udagawa & Jeng], Triangularia bambusae (J.F.H. Beyma) Boedijn, and Zopfiella
matsushimae (Udagawa & Furuya) Guarro (Nakagawa et al. 1979), and P. roqueforti Sopp
8

(Moreau et al. 1982). Most research on the toxin focused on uncovering the medicinal properties
of the compound, but later it would be determined that the compound was too cytotoxic for
practical use (Shier et al. 2007). More recently, Ramezani et al. (2007) discovered the production
of botryodiplodin in M. phaseolina and developed a solvent extraction technique to isolate the
compound from a culture filtrate. The discovery of botryodiplodin production by a major
soybean plant pathogen sparked new ideas for research, and in 2012, it was hypothesized that the
toxin may facilitate the pathogen infection of soybean roots (Shier et al. 2007; Shier et al. 2012;
Bellaloui et al. 2012). Two years later, an in-culture assay for the detection of botryodiplodin
was developed based on observations by McCurry and Abe and findings by Dunlap and Bruton
(Shier et al. 2007; McCurry and Abe 1973; Dunlap and Bruton 1986; Alam et al. unpublished).
Other mycotoxins like asperlin, isoasperlin, phomalactone, phaseolinic acid, and
phomenone also have been reported to be produced by M. phaseolina (Dhar et al. 1982; Mahato
et al. 1987; Bhattacharya et al. 1992). With high level of genetic variability of M. phaseolina
isolates, more unidentified secondary metabolites may still be discovered (Mayék-Pérez et al.
2001; Reyes-Franco et al. 2006; Dhingra and Sinclair 1972; Dhingra and Sinclair 1973;
Bhattacharya et al. 1992).

9
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CHAPTER III
FIRST REPORT OF THE PRODUCTION OF MYCOTOXINS AND OTHER SECONDARY
METABOLITES BY MACROPHOMINA PHASEOLINA (TASSI) GOID. ISOLATES
FROM SOYBEANS (GLYCINE MAX L.) SYMPTOMATIC
WITH CHARCOAL ROT
3.1

Abstract
Macrophomina phaseolina (Tassi) Goidanich, the causal agent of charcoal rot of

soybean, is capable of causing disease in more than 500 other commercially important plants.
This fungus produces several secondary metabolites in culture, including (-)-botryodiplodin,
phaseolinone and mellein. Given that independent fungal isolates may differ in mycotoxin and
secondary metabolite production, we examined a collection of 89 independent M. phaseolina
isolates from soybean plants with charcoal rot using LC-MS/MS analysis of culture filtrates. In
addition to (-)-botryodiplodin and mellein, four previously unreported metabolites were observed
in >19% of cultures, including kojic acid (84.3% of cultures at 0.57–79.9 µg/L), moniliformin
(61.8% of cultures at 0.011–12.9 µg/L), orsellinic acid (49.4% of cultures at 5.71–1960 µg/L)
and cyclo[L-proline-L-tyrosine] (19.1% of cultures at 0.012–0.082 µg/L). In addition, nine
previously unreported metabolites were observed at a substantially lower frequency (<5% of
cultures), including cordycepin, emodin, endocrocin, citrinin, gliocladic acid, infectopyron,
methylorsellinic acid, monocerin and N-benzoyl-L-phenylalanine. Further studies are needed to
investigate the possible effects of these mycotoxins and metabolites on pathogenesis by M.
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phaseolina and on food and feed safety, if any of them contaminate the seeds of infected soybean
plants.
3.2

Introduction
Soybean (Glycine max L.) is an economically valuable crop due to its high protein and oil

content and wide variety of uses in food, agricultural pharmaceutical and industrial applications
(Singh 2010). The US produces 32.5% of the world’s soybeans (120 million tons/year valued at
$31.2 billion), making it the second most valuable US crop (USDA-NASS 2020). In the southern
US, high temperatures and dry conditions, along with poor management, can lead to droughtstressed plants that are susceptible to infection by opportunistic soil- and seed-borne pathogens,
such as Fusarium virguliforme O’Donnell & T. Aoki, Cercospora sojina Hara, Phomopsis
longicolla T.W. Hobbs and Macrophomina phaseolina (Tassi) Goid., resulting in significant
economic impact due to yield loss and reduced seed quality (Allen et al. 2017; Hartman et al.
2015; Heatherly 2020; Ghosh et al. 2018; Mengistu et al. 2007; Wyllie 1976; Bellaloui et al.
2008; Bellaloui et al. 2012). M. phaseolina infects over 500 species of commercially important
plants, causing various dry-weather wilts and rots, including charcoal rot disease in soybean
(Ghosh et al. 2018; Mengistu et al. 2007; Wyllie 1976; Bellaloui et al. 2008; Bellaloui et al.
2012). In many years, charcoal rot is the major cause of soybean crop yield loss and seed quality
deterioration in the southern US states of Arkansas, Louisiana and Mississippi (Bowen and
Schapaugh 1989; Gupta et al. 2012; Wrather and Koenning 2006), although soybean cyst
nematode is the major cause of crop damage in most parts of the country. It is not understood
what factors specific to the region are responsible for the relatively greater pathogenicity of M.
phaseolina (Lodha and Mawar 2019).
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One plausible explanation for the greater frequency of charcoal rot of soybeans in this
region is that M. phaseolina isolates endemic to the region produce unusual levels or diversity of
mycotoxins. Therefore, as an approach to exploring the possible role of mycotoxin production in
the increased pathogenicity of M. phaseolina, the present study was undertaken to investigate the
diversity of known mycotoxins and other secondary metabolites produced in culture by isolates
from regional soybean plants symptomatic for charcoal rot using liquid chromatography tandem
mass spectrometry (LC-MS/MS) with culture filtrates.
M. phaseolina exhibits extensive genetic diversity as assessed by DNA markers and
differences in pathogenicity (Dhingra and Sinclair 1972; Jana et al. 2005; Mayék-Pérez et al.
2001; Reyes-Franco et al. 2006). The genetic diversity of M. phaseolina may extend to
mycotoxins, given that (-)-botryodiplodin (1) and not phaseolinone (3) was found (Ramezani et
al. 2007; Abbas et al. 2019; Abbas et al. 2020) in soybeans with charcoal rot (Fig. 3.1), whereas
phaseolinone (3) but not (-)-botryodiplodin was isolated from the culture medium of an M.
phaseolina endophyte from mung bean (Dhar et al. 1982). Similarly, mellein (Fig. 3.1) has been
observed in some but not all isolates of M. phaseolina from soybean plants symptomatic of
charcoal rot in Mississippi, U.S.A. (Khambhati et al. 2020).

Figure 3.1

Chemical structures of previously reported toxins from M. phaseolina cultures, (-)botryodiplodin (1), mellein (2) and phaseolinone (3).
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3.3
3.3.1

Materials and methods
Macrophomina phaseolina culture collection and sources
For this study, 89 isolates of M. phaseolina were obtained from soybean plants exhibiting

symptoms of charcoal rot in various fields in Illinois, Louisiana, Mississippi, Oklahoma, and
Tennessee using the method described by Mengistu et al. (2007), or they were provided by other
investigators in the same areas (Table A.1) (Abbas et al. 2019; Abbas et al. 2020). Cultures were
maintained on potato dextrose agar (PDA) until use.
3.3.2

Preparation of cell-free culture filtrates
M. phaseolina isolates were cultured in Czapek-Dox broth (CDB) prepared by dissolving

2.0 g NaNO3, 1.0 g K2HPO4, 0.5 g KCl, 0.5 g MgSO4, 0.01 g FeSO4 and 30 g sucrose in 1 L
water. Aliquots (200 mL) of CDB in 500 mL Erlenmeyer flasks were sterilized in an autoclave
for 15 min at 121°C and 15 psi then cooled. Each flask was inoculated with five 5 mm mycelial
plugs from a 7-day-old PDA culture of each M. phaseolina isolate. Inoculated flasks fitted with
cotton plugs were incubated in an Innova 40 Benchtop Incubator Shaker (New Brunswick
Scientific Co., Inc., Edison, NY, USA) for 10 days at 28°C and 110 rpm. After incubation, the
liquid cultures were filtered roughly through sterile cheesecloth to remove large biomass not able
to pass through a fine filter. Cell-free culture filtrates (CCFs) of the M. phaseolina isolates were
prepared by vacuum filtration in Nalgene Rapid-Flow sterile disposable filter units with 0.45 µm
pore-size CN membrane filters (Thermo Fisher Scientific, Rochester, NY, USA). CCFs (10 mL)
were transferred to 20-mL borosilicate glass vials and freeze-dried (Freeze Dry Company Inc.,
Pine River, MN, USA). The vials of dried CCFs were stored at −20°C until use. A single vial of
each CCF was shipped for chemical analysis by LC-MS/MS.
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3.3.3

Chemicals and reagents for LC-MS analyses
Reagents for LC-MS analysis included HiPerSolv Chromanorm HPLC gradient grade

acetonitrile from VWR Chemicals (Vienna, Austria), LC-MS Chromasolv grade methanol from
Honeywell (Seelze, Germany) and LC-MS grade ammonium acetate and glacial acetic acid from
Sigma-Aldrich (Vienna, Austria). Reverse osmosis water was purified through a Purelab Ultra
system (ELGA LabWater, Celle, Germany) for analytical use. Mellein was purchased from
Cayman Chemical (Ann Arbor, MI, USA); botryodiplodin was prepared as described in Abbas et
al. (2020). The detailed sources of the remaining analytical standards are listed in the
supplementary information (ESM 2) of Sulyok et al. (2020).
3.3.4

LC-MS/MS analysis
CCFs were analyzed by LC-MS/MS as described by Sulyok et al. (2020) using an

extension of the method to include botryodiplodin and mellein (Table A.2). Briefly, a 1290 series
UHPLC system (Agilent Technologies, Waldbronn, Germany) was connected with a QTrap
5500 MS/MS system (Sciex, Foster City, CA, USA) containing a TurboV electrospray ionization
source (Sciex, Foster City, CA, USA). A Phenomenex (Torrance, CA, USA) Gemini C18
column (150 × 4.6 mm i.d. and 5 µm particle size) was utilized for chromatographic separation
along with a Phenomenex C18 security guard cartridge (4 × 3 mm i.d.). An injection volume of 5
µL with a flow rate of 1 mL/min in binary gradient mode was used for elution. Both mobile
phases were methanol/water/acetic acid with Eluent A 10:89:1 (v/v/v) and Eluent B 97:2:1
(v/v/v) and contained 5 mM ammonium acetate. Initially, 100% A was held for 2 min;
afterwards, B was increased linearly to 50% over 3 min. B was then linearly increased to 100%
over 9 min and B was held at 100% for 4 min. Finally, the column was re-equilibrated back to
100% A within 2.5 min. Scheduled multiple reaction monitoring (sMRM) was used for analyte
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detection. Quantification of the analytes was based on external calibration using a serial dilution
of a multi-component stock solution. The accuracy of the method was verified on a continuous
basis by participation in ring trials organized by BIPEA (Genneviliers, France) with a current
success rate (z-scores between −2 and +2) of approximately 95% for over 1400 results submitted
(Sulyok et al. 2020). For confirmation of a positive identification, the ion ratio had to agree with
the corresponding values of the standards within 30% as stated in the SANTE/12089/2016
document (2016), whereas for the retention time, a stricter criterion of ± 0.03 min was applied in
this study.
3.3.5

Statistical analysis
Statistical analysis was performed in SAS 9.4 (SAS Institute, Cary, NC, USA). The

frequencies of occurrence of mycotoxins and other secondary metabolites in the study were
analyzed for significant differences by pairwise applications of Fisher’s exact test to rankordered frequencies; p < 0.05 was considered significant.
3.4
3.4.1

Results
Identification and frequency of secondary metabolites
Cell-free culture filtrates from a total of 89 M. phaseolina isolates from soybean plants

symptomatic for charcoal rot were analyzed by LC-MS/MS. In addition to the known M.
phaseolina metabolites, (-)-botryodiplodin (1) and mellein (2) (Fig. 3.1), the analysis detected a
total of 13 secondary metabolites (Figs. 3.2 and 3.3) that have not previously been reported to be
produced in culture by M. phaseolina (Ramezani et al. 2007; Abbas et al. 2019; Abbas et al.
2020; Dhar et al. 1982; Khambhati et al. 2020). Several metabolites (Fig. 3.2) were observed at a
frequency in the range of 19% to 84%, as well as the previously reported metabolites (-)21

botryodiplodin (1) (82.0%) and mellein (2) (28.1%). Kojic acid (4), which was produced by
84.3% of isolates in the concentration range of 0.57–79.9 µg/L, was the most frequently
observed metabolite (Table 3.1). Other previously unreported metabolites were moniliformin (5)
(61.8% of isolates), orsellinic acid (6) (49.4% of isolates) and cyclo(L-proline-L-tyrosine) (7)
(i.e., maculosin) (19.1% of isolates).

Figure 3.2

Structures of mycotoxins and secondary metabolites produced in culture media by
Macrophomina phaseolina in more than 19% of the 89 M. phaseolina isolates
from soybean plants symptomatic for charcoal rot.

The LC-MS/MS analysis also detected the production in the culture media of nine
previously unreported metabolites by M. phaseolina at relatively low frequency (less than 5%)
among the 89 isolates in the collection (Table 3.2). The low frequency metabolites were
cordycepin (8), emodin (9), endocrocin (10), citrinin (11), gliocladic acid (12), infectopyron (13),
methylorsellinic acid (14), monocerin (15) and N-benzoyl-phenylalanine (16) (Fig. 3.3).
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Table 3.1

Mycotoxins and other secondary metabolites occurring in the culture media of a
relatively high percentage (>19%) of the 89 Macrophomina phaseolina isolates
from soybean plants symptomatic for charcoal rot included in the study.

M. phaseolina
Metabolite

% of isolates
Producing the
Metabolite 1

Range of Metabolite
Concentrations
Produced (µg/L)

Mean ± SEM
Concentration (µg/L)
of Producers

Kojic acid (4)

84.3 a

0.57–79.9

13.3 ± 18.6

(-)-Botryodiplodin (1)

82.0 a

15.9–2380

865 ± 651

Moniliformin (5)

61.8 b

0.011–12.9

1.03 ± 1.69

Orsellinic acid (6)

49.4 c

5.71–1960

347 ± 412

Mellein (2)

28.1 d

1.66–74.9

12.5 ± 10.9

Cyclo[L-Pro-L-Tyr] (7)

19.1 d

0.012–0.082

0.038 ± 0.017

1

Values followed by the same letter do not have significantly different frequencies (p < 0.05,
Fisher’s exact test).
Table 3.2

Mycotoxins and other secondary metabolites occurring in the culture media of
relatively few (<5%) of the 89 Macrophomina phaseolina isolates from soybean
plants symptomatic for charcoal rot included in the study.

M. phaseolina Metabolite

Number of Isolates Producing
the Metabolite

Range of Metabolite
Concentrations
Produced (ng/L)

Cordycepin (8)

4

42.2–90.4

Emodin (9)

2

0.34–67.3

Endocrocin (10)

2

15.3–1180

Citrinin (11)

1

10.5

Gliocladic acid (12)

1

35.7

Infectopyron (13)

1

1960

Methylorsellinic acid (14)

1

840

Monocerin (15)

1

5.1

N-Benzoyl-L-phenylalanine (16)

1

0.68
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Figure 3.3

3.5

Structures of mycotoxins and secondary metabolites produced in the culture media
by Macrophomina phaseolina in less than 5% of the 89 M. phaseolina isolates
from soybean plants symptomatic for charcoal rot.

Discussion
The large number of secondary metabolites produced by M. phaseolina and the

differences in the metabolite profiles of various isolates presumably reflect the genetic diversity
of the fungus (Dhingra and Sinclair 1972; Jana et al. 2005; Mayék-Pérez et al. 2001; ReyesFranco et al. 2006). The diversity of toxins may play a role in the reported differences in
pathogenicity of M. phaseolina isolates (Mayék-Pérez et al. 2001; Reyes-Franco et al. 2006) if
any of the toxins are used in the root infection mechanism or to weaken plant defenses (Bellaloui
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et al. 2012; Ramezani et al. 2007; Abbas et al. 2019; Abbas et al. 2020; Dhar et al. 1982;
Khambhati et al. 2020; Shier et al. 2007).
Among the M. phaseolina metabolites identified for the first time in this study, kojic acid,
moniliformin, orsellinic acid and mellein are the most notable. Kojic acid is a metabolite
originally isolated from Aspergillus oryzae (Ahlb.) Cohn that has found commercial use as a
skin-whitening agent in cosmetic products (Beélik 1956; Cabanes et al. 1994). Kojic acid has
been reported to have mutagenic properties at high concentrations in several animals, but the
amount found in food is generally safe for human consumption (Burdock et al. 2001; Wei et al.
1991). Kojic acid acts by inhibiting the enzyme tyrosinase (Chang 2009), which is important for
pigment formation and defense mechanisms in plants, animals and insects. Moniliformin usually
occurs as a sodium or potassium salt. It was initially purified from corn contaminated with
Fusarium moniliforme J. Sheld., later classified as F. proliferatum (Matsush.) Nirenberg ex
Gerlach & Nirenberg (Cole et al. 1973). It has subsequently been shown to be produced by a
variety of Fusarium spp. that contaminate cereal grains worldwide, including F. moniliforme; F.
sporotrichioides, Sherbakoff, 1915; F. avenaceum, (Fr.) Sacc., 1886; F. culmorum, (W. G. Sm.)
Sacc. 1895 and F. oxysporum Schltdl., 1824 (McLean 1996). Moniliformin production by
Penicillium melanoconidium (Frisvad) Frisvad & Samson, 2004, which also contaminates cereal
grains, has also been reported (Hallas-Møller et al. 2016). Moniliformin has been extensively
studied due to its high acute toxicity in both plants and animals, particularly cardiotoxicity in
poultry (Abbas et al. 1990; Burmeister et al. 1979). Moniliformin is believed to act by inhibiting
mitochondrial respiration by inhibiting pyruvate and α-ketoglutarate oxidation (Thiel 1978).
Orsellinic acid has been isolated from various species of fungi (Birkinshaw and Gowlland 1962),
but few studies have explored the biological activities of the underivatized molecule; published
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reports suggest that the compound has little to no toxic activity (Birkinshaw and Gowlland 1962;
Van Eijk 1969). Mellein, also known as ochracin, is a well-known mycotoxin initially extracted
from A. melleus Yukawa in 1933 and subsequently shown to be produced by numerous
organisms, including fungi, plants, bacteria, and insects (Nishikawa 1933; Reveglia et al. 2020).
In 2018, Khambhati et al. (2020) analyzed several M. phaseolina cultures by gas
chromatography–mass spectrometry and discovered that the fungus synthesized mellein as well
as other unidentified substances. In 2020, Salvatore et al. (2020) reported the production of
mellein by an M. phaseolina isolate from Eucalyptus globulus Esser, Lora L. Mellein is reported
to have numerous biological activities, including phytotoxicity, cytotoxicity, antifungal activity
and others (Hallas-Møller et al. 2016). Cyclopeptides with antifungal activity, such as cyclo(Lproline-L-tyrosine), are produced by a wide range of bacterial and fungal species (Zaher et al.
2015).
The discovery that a series of mycotoxins and other secondary metabolites are produced
in culture by pathogenic isolates of M. phaseolina raises several issues requiring further study.
Additional studies will be needed to determine if any of the major metabolites identified in
cultures of M. phaseolina impact the pathogenesis of the fungus in soybean and if any
accumulate in the seeds at sufficient levels to affect yield or food safety. Of particular concern
are food safety issues that would arise if any of these secondary metabolites accumulate in seeds
or other plant parts that are consumed as food or animal feed. In the case of (-)-botryodiplodin,
Abbas et al. (2019) found detectable levels of the toxin only in the roots of soybeans with
charcoal rot, which is not a food safety concern, given that soybean roots are not used for food or
feed. However, more extensive studies are needed to determine if, and under what conditions,
each of the mycotoxins and other secondary metabolites identified in cultures of M. phaseolina
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accumulate at toxic levels in seeds or other edible plant parts for soybeans and other food and
feed plants susceptible to M. phaseolina infection. The newly identified M. phaseolina
metabolites may also provide tools to better understand the pathology of charcoal rot in soybeans
and other commercially important species. Future studies may include expanded studies on the
incidence of the newly discovered secondary metabolites and phytotoxic evaluations in
experimental systems, such as hydroponic culture, monitoring toxicity symptoms including
chlorosis, necrosis, wilting, stunting and/or death (Abbas et al. 2020).
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CHAPTER IV
PHYTOTOXICITY OF MELLEIN PRODUCED BY MACROPHOMINA PHASEOLINA
ISOLATED FROM SOYBEAN
4.1

Abstract
Macrophomina phaseolina (Mp) is a fungal pathogen that is suspected to enter host roots

by releasing toxins onto the root surface which induce necrotic root tissue and allow entry of
hyphae. Mp is reported to produce several secondary metabolites including potent phytotoxins, ()-botryodiplodin and phaseolinone, but cultures that do not produce these phytotoxins seem to
maintain their virulence. The virulence of Mp might be inconsistent due to the genetic variability
which may allow the fungus to produce a range of secondary metabolites. A previous study
performed chemical analysis of Mp cultures isolated from soybean and found 13 unreported
secondary metabolites in addition to mellein, a compound with various biological activities. The
goal of the study was to investigate Mp cultures isolated from soybean for frequency and amount
of mellein production, determine the phytotoxicity of those isolates, and observe the phytotoxic
effects of mellein in soybean. Chemical analysis by LC-MS/MS of 89 Mp isolates revealed that
28.1% produced mellein (1.66–74.9 µg/L). Mp cell-free culture filtrates (CCFs) diluted to 1:1
and 1:3 filtrate:hydroponic growth medium ratios were tested for phytotoxicity against soybean
seedlings in hydroponic culture. All CCFs induced phytotoxic symptoms with frequencies of
61% chlorosis, 82% necrosis, 9% wilting, and 26% death at 1:1 ratio, and with 73% chlorosis,
78% necrosis, 7% wilting, and 16% death at 1:3 ratio. The phytotoxicity of mellein was
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evaluated in concentrations ranging from 1.25–100 µg/L against soybean seedlings in
hydroponic culture, and symptoms of wilting and stunting were observed with increasing
severity only in plants treated with 40–100 µg/L mellein. Observations suggest that mellein does
not directly contribute to the phytotoxic effects of CCFs, and further investigation is needed to
identify the role of the compound during infection, if any.
4.2

Introduction
The fungus Macrophomina phaseolina (Tassi) Goid. is an opportunistic soil-borne and

seed-borne pathogen found worldwide and infects over 500 plant species including row crops,
fruits, trees, and ornamentals (Hartman et al. 2015; Ghosh et al. 2018; Su et al. 2001). The
phytopathogen targets the stem and root systems of plants and spreads through the soil
rhizosphere by water and interconnected root systems (Meyer et al. 1974; Pearson et al. 1984).
M. phaseolina can survive as a saprophyte in soil between growing seasons, and microsclerotia
produced by the fungus can persist in plant debris and soil for up to 10 years (Ghosh et al. 2018;
Short et al. 1980). In the US, M. phaseolina is known for causing charcoal rot of soybean
(Glycine max L.) and, when left unmanaged, can result in significant economic losses for farmers
by decreasing yields and seed quality of soybean (Heatherly 2020; Bowen et al. 1989; Allen et
al. 2017; Wrather and Koenning 2006; Gupta et al. 2012). Disease occurrence and severity is
more prevalent in the southern US as drought inducing conditions such as high temperatures and
dry weather along with poor crop management can create drought-stressed plants which are more
susceptible to infection by M. phaseolina and other pathogens (Gupta et al. 2012; Kendig et al.
2000). This prevalence and severity of charcoal rot may be attributed to the genetic variability of
M. phaseolina and the diversity of mycotoxins produced by the pathogen (Dhingra and Sinclair
1972; Jana et al. 2005; Reyes-Franco et al. 2006).
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Past studies have reported that M. phaseolina produces a variety of mycotoxins including
asperlin, phomalactone, phaseolinic acid, phaseolinone, and (-)-botryodiplodin (Bhattacharya
and Siddiqui 1992; Mahato et al. 1987; Dhar et al. 1982; Ramezani et al. 2007), but production
of these mycotoxins appears to be inconsistent across hosts and regions (Lodha and Mawar 2020;
Ramezani et al. 2007). For instance, Dhar et al. (1982) reported that M. phaseolina isolated from
mung bean produced phaseolinone but not (-)-botryodiplodin, and conversely, Ramezani et al.
(2007) reported that M. phaseolina isolated from soybean produced (-)-botryodiplodin but not
phaseolinone. Regional variability in secondary metabolite production may explain why
Khambhati et al. (2020) discovered mellein production by M. phaseolina isolates from soybean
by GC-MS analysis using the freeze-thaw method (Chen 2017). Molecular analysis by Dr.
Perng-Kuang Chang verified the presence of the biosynthesis gene cluster of mellein in M.
phaseolina (personal communication). Later, Salvatore et al. (2020) confirmed the production of
mellein by M. phaseolina isolated from Eucalyptus globus. Further work by Khambhati et al.
(2020) found an additional 13 previously unreported metabolites.
Of the new metabolite reports, mellein is one of the most significant as it is a known
compound produced by other fungi, bacteria, plants, and insects with multiple reports of
phytotoxic, cytotoxic, fungicidal, antibacterial, and larvicidal activity (Reveglia et al. 2020). The
identification of all secondary metabolites produced by the fungus will help to better understand
the pathogenesis of M. phaseolina as it has long been suspected of utilizing a toxin-mediated
process to penetrate host tissue (Bellaloui et al. 2012; Abbas et al. 2019; Abbas et al. 2020).
Presently there are no reported studies on the phytotoxicity of mellein in a soybean system, so
the objectives of this study were to determine the phytotoxicity of pure mellein on soybean in
hydroponic culture, to evaluate the phytotoxic effects of M. phaseolina isolated from soybean on
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soybean in hydroponic culture, and to survey the same M. phaseolina cultures for mellein
production.
4.3
4.3.1

Materials and methods
Hydroponic growth medium
Villagarcia medium (VM) is a nutrient growth medium suitable for hydroponic soybean

growth and was prepared using macronutrient and micronutrient solutions (Villagarcia et al.
2001; McClure and Israel 1979; Ahmed and Evans 1960). The macronutrient solution was
prepared by adding 690 mg CaSO4·2H2O, 34 mg KH2PO4, 200 mg KNO3, 61 mg MgSO4·7H2O
to 999 mL of sterile distilled water. The micronutrient solution was prepared in 1000-fold
concentration by adding 50 mg FeSO4·7H2O, 14 mg KCl, 5.7 mg H3BO4, 1.5 mg MnSO4·H2O,
2.6 mg ZnSO4·7H2O, 0.45 mg CuSO4·5H2O, and 2.1 mg (NH4)6Mo7O24 to 1 L sterile distilled
water. Then, 1 mL of the micronutrient solution was added to 999 mL of the macronutrient
solution to form the 100% VM.
4.3.2

Soybean plants and growth chamber conditions
For this experiment, the soybean genotype DT97-4290 was selected for its moderate

susceptibility to charcoal rot (Paris et al. 2006; Mengistu et al. 2011). Soybean seeds were
surface disinfested by soaking seeds in 5% sodium hypochlorite solution for 2 minutes and
rinsed several times with sterile water to remove any residue of sodium hypochlorite. Jiffy 7® 42
mm peat pellets (Jiffy Products of America Inc., Lorain, OH, USA) were placed in a tray, and
warm water was added to the tray to rehydrate the peat pellets. A single soybean seed was
planted in each peat pellet (Fig. B.1), and the trays containing the peat pellets were placed in a
low light growth chamber (Percival Scientific Inc., Perry, IA, USA) at 30°C temperature, 100
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µmol m−2 s−1, and 50% relative humidity to promote seed germination. Upon germination, the
peat pellets containing the plants were transferred to plant growth chamber (Percival Scientific
Inc., Perry, Iowa) which was set to 16-hour day and 8-hour day-night cycle, 33°C temperature,
700 µmol m−2 s−1, and 50% relative humidity. All trays were watered daily to maintain soil water
potential of the plants. The plants were grown to the first vegetative stage (V1), in which
soybean plants have 2 nodes, a set of fully developed unifoliate leaves, and a single set of
trifoliate leaves that are expanded and fully developed (McWilliams et al. 1999; Purcell et al.
2014). Once the plants reached the V1 stage, the peat was gently washed away from the roots,
and the plants were placed in a 10% VM in water and allowed to acclimate for 24 hours before
testing.
4.3.3

Fungal cultures and sources
A total of 89 M. phaseolina isolates were collected and used in this study (Table A.1). All

cultures were provided by other investigators and isolated using the method described by
Mengistu et al. (2007) from charcoal rot-infected soybean plants, which were collected from
various fields in Illinois, Louisiana, Mississippi, Oklahoma, and Tennessee. Cultures were
maintained on potato dextrose agar (PDA) (Becton, Dickinson and Company, Sparks, MD) and
stored at 4°C until use.
4.3.4

Cell-free culture filtrates
Mycelial plugs of each M. phaseolina isolates were transferred from PDA to Czapek-Dox

agar (CDA) and incubated for 5 days in the dark at 28°C. Liquid cultures of M. phaseolina were
prepared using Czapek-Dox broth (CDB). CDB was prepared by heating 1 L water on a hot plate
and stirring in 30 g sucrose, 2.0 g NaNO3, 1.0 g K2HPO4, 0.5 g KCl, 0.5 g MgSO4, and 0.01 g
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FeSO4 until dissolved. Once the contents were dissolved, 200 mL CDB was transferred into 500
mL Erlenmeyer flasks, and the flasks were covered with aluminum foil. The flasks were
sterilized for 15 minutes at 121°C and 15 psi in an autoclave (STERIS, Mentor, OH) and cooled
to room temperature. Mycelial plugs from 7-day-old CDA cultures of each isolate were
transferred to the flasks. Cotton plugs were fitted to the inoculated flasks, and the flasks were
placed on an Innova 40 Benchtop Incubator Shaker (New Brunswick Scientific, Edison, NJ,
USA) set to 110 RPM and 28°C and incubated for 10 days (Fig. B.2). After the incubation
period, the cultures were initially filtered through cheesecloth to separate out any large biomass.
The crude filtrates were further purified to cell-free culture filtrates (CCF) by vacuum filtration
using sterile, disposable Nalgene Rapid-Flow (Thermo Fisher Scientific, Rochester, NY, USA)
filter flasks fitted with 0.45 µm pore-size CN membrane filters (Figs. B.3 and B.4). CCFs were
stored in freezers at –20°C until use.
4.3.5

Phytotoxicity assays
The phytotoxicity of M. phaseolina CCFs against soybean seedlings, germplasm line

DT97-4290, in hydroponic growth medium were arranged in a completely randomized design
with three replicates per isolate and two dilution levels per isolate. Each vial was randomly
assigned a single plant, and each vial represented a replicate. CCFs were diluted with 10% VM
to 1:1 and 1:3 (v/v) concentrations, and 40 mL scintillation vials were filled with 40 mL diluted
CCF. Initial stem length of soybean seedlings was measured and placed into vials. The vial
openings were plugged with cotton balls, and the vials were placed in a growth chamber with 16hour day and 8-hour night cycle, 33°C temperature, 700 µmol m−2 s−1, and 50% relative
humidity. After 120 hours, the final stem length and solution remaining in the vial were
measured, and symptoms were recorded on a 0-100 scale in increments of 10. Values were
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assigned based on overall coverage of foliar symptoms such as chlorosis, necrosis, and wilting.
The following conversions were used for evaluation: 0 = no symptoms, 10 = green and slight
chlorosis, 20 = green and slight-moderate chlorosis, 30 = moderate chlorosis, 40 = moderatesevere chlorosis, 50 = severe chlorosis and slight necrosis (<25%), 60 = slight-moderate necrosis
(25%), 70 = moderate necrosis (50%), 80 = moderate-severe necrosis (75%), 90 = severe
necrosis (100%), and 100 = complete seedling death (brown and drying). After rating, the
seedlings were dried in a laboratory oven (Imperial V Laboratory Oven, Thermo Scientific,
Dubuque, IA) at 80°C for 72 hours, and the dry mass of the seedling was weighed using an
analytical balance (Mettler Toledo UMX2 Ultra-Microbalance, Mettler-Toledo International,
Columbus, Ohio). CDB was diluted to the 1:1 and 1:3 (v/v) concentrations with 10% VM and
used as controls.
The phytotoxicity of mellein against soybean seedlings, germplasm line DT97-4290, in
hydroponic growth medium was conducted and evaluated identically to the CCFs. The assay was
arranged in a completely randomized design with three replicates per mellein concentration. A
single plant was randomly assigned to each vial, and each vial represented a replicate. A stock
solution with 1000 µg/mL concentration was prepared in sterile water with the aid of heating and
sonication and diluted with 10% VM. The following final concentrations of mellein were tested:
0, 1.25, 2.5, 5, 10, 20, 40, 60, 80, and 100 µg/mL. A solution of 10% VM containing no mellein
served as the negative control for the experiment.
4.3.6

LC-MS/MS analysis
An extension of the LC-MS/MS method defined by Sulyok et al. (2020) was followed to

analyze samples for mellein and (-)-botryodiplodin, and the extended LC-MS/MS parameters are
described in Table A.2. An Agilent 1290 series UHPLC system (Waldbronn, Germany) was
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coupled with a Sciex QTrap 5500 MS/MS system (Foster City, CA, USA) fitted with a Sciex
TurboV electrospray ionization source (Foster City, CA, USA). A Phenomenex (Torrance, CA,
USA) Gemini C18 column (150 x 4.6 mm i.d. and 5 µm particle size) with a Phenomenex C18
security guard cartridge (4 x 3 mm i.d.) was attached for chromatographic separation. The
system was run in binary gradient mode with a 1 mL/min flow rate and 5 µL injection volume.
Both mobile phases consisted of methanol/water/acetic acid containing 5 mM ammonium acetate
with Eluent A 10:89:1 (v/v/v) and Eluent B 97:2:1 (v/v/v). The gradient system was started by
holding 100% A for 2 minutes followed by linearly increasing to 50% B over 3 minutes. The
gradient was linearly increased to 100% B over 9 minutes and held at 100% B for 4 minutes. The
run was completed by re-equilibrating back to 100% A within 2.5 minutes. Analyte detection
was accomplished by scheduled multiple reaction monitoring (sMRM), and analyte
quantification was dependent on external calibration using serial dilutions of a multiple
component stock solution.
4.3.7

Chemicals and reagents
Sucrose, sodium nitrate, potassium chloride, dipotassium phosphate, magnesium sulfate,

iron (II) sulfate, and agar were purchased from Fisher Chemicals (Fair Lawn, NJ, USA), and
mellein was purchased from Cayman Chemical (Ann Arbor, MI, USA). For culture medium
preparation and phytotoxicity assays, reverse osmosis water was purified by a Barnstead E-Pure
Ultrapure Water Purification System (Thermo Scientific, Marietta, OH, USA).
Reagents for LC-MS/MS analysis consisted of LC-MS grade ammonium acetate and
glacial acetic acid purchased from Sigma-Aldrich (Vienna, Austria), LC-MS Chromasolv grade
methanol purchased from Honeywell (Seelze, Germany), HiPerSolv Chromanorm HPLC
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gradient grade acetonitrile purchased from VWR Chemicals (Vienna, Austria), and reverse
osmosis water purified using a Purelab Ultra system (ELGA LabWater, Celle, Germany).
4.3.8

Statistical analysis
All data was statistically analyzed by SAS 9.4 software (SAS Institute, Cary, NC, USA).

Data for soybean seedling stem growth, dry mass, phytotoxicity rating, and growth media
volume was analyzed by one-way analysis of variance (ANOVA) for both treatment
concentrations. Dunnett’s multiple comparison test at p < 0.05, p < 0.01, p < 0.001, and p <
0.0001 level of significance was used to separate the means for each parameter against the
control of each treatment set.
4.4
4.4.1

Results
Phytotoxicity assays
Phytotoxicity of CCFs were tested on soybean seedlings in hydroponic culture (Fig. B.5).

The phytotoxicity levels of M. phaseolina cultures varied among isolates with symptoms
presenting on leaves, stems and roots and ranging from mild chlorosis to complete death (Figs.
B.6 – B.14). Foliar symptoms included wilting, chlorosis, photobleaching, lesions, necrosis, and
vascular discoloration (Fig. 4.1), and root symptoms were observed as a pink-red discoloration.
The phytotoxicity symptoms were distributed as indicated in Fig. 4.2. At the 1:1 dilution level,
64% of isolates induced various phytotoxic symptoms, 24.7% decreased dry seedling mass,
62.9% stunted stem growth, and 52.8% reduced growth media consumption, and at the 1:3
dilution level, 64% of isolates induced various phytotoxic symptoms, 20.2% decreased dry
seedling mass, 39.3% stunted stem growth, and 36.0% reduced fluid intake (Table A.1 and Fig.
4.3).
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Figure 4.1

Effects of various toxins produced by Macrophomina phaseolina on soybean
seedling foliage.

The responses from the experiment ranged from no phytotoxic effect, as shown in the healthy
plant control (A), to the following phytotoxic responses: chlorosis (B), photobleaching (C),
necrosis (D), vascular discoloration (E), intervascular discoloration (F), and death (G).
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Figure 4.2

Distribution of phytotoxicity symptoms on soybean seedling induced by
Macrophomina phaseolina cell-free culture filtrates.
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Figure 4.3

Summary of phytotoxic effects of Macrophomina phaseolina (Mp) cell-free
culture filtrates against soybean plants, germplasm line DT97-4290, in hydroponic
culture.

Similarly, phytotoxicity of mellein was tested against soybean seedlings in hydroponic
culture, and varying degrees of phytotoxic effects were observed (Fig. B.15). Seedlings treated
with 40–100 µg/mL mellein presented only signs of wilting (Fig. B.16), and at concentrations
below 40 µg/mL, no symptoms were observed. At mellein levels ranging from 2.5–10 and 40–80
µg/mL, consumption of hydroponic growth media was significantly reduced (Table B.1). No
significant effects were observed on the dry mass or the stem growth of seedlings at all levels of
mellein (Table B.1).
4.4.2

Identification and distribution of mellein in isolates
A total of 89 M. phaseolina isolates from soybean symptomatic of charcoal rot were

grown in CDB and thoroughly filtered to produce CCFs. Culture filtrates were analyzed by LC43

MS/MS equipped with ESI source, and the secondary metabolites were identified using a custom
LC-MS library containing over 900 metabolites (Sulyok et al. 2020). Chemical analysis of
culture filtrates demonstrated that the cultures produced mellein, (-)-botryodiplodin, kojic acid,
moniliformin, and other secondary metabolites described by Khambhati et al. (2020).
Further examination of the LC-MS/MS analysis showed that 28.1% of M. phaseolina
isolates produced mellein in liquid culture, and concentrations ranged from 48.9–2203 µg/L with
mean concentration of 527.8 µg/L (Table A.2). All mellein producing isolates originated from
Mississippi, but only 37.9% of the Mississippi isolates were found to produce the compound.
Mellein was not detected in cultures from other states. (-)-Botryodiplodin was found in 82% of
M. phaseolina cultures with concentrations ranging from 0.47–69.9 mg/L and a mean of 18.2
mg/L (Table A.2). No correlation was observed with respect to botryodiplodin production and
isolate origin.
4.5

Discussion
Macrophomina phaseolina is an opportunistic pathogen that causes diseases ranging from

root rot, crown rot, seedling blight, and wilt in a wide variety of crops (Hartman et al. 2015;
Ghosh et al. 2018; Su et al. 2001; Meyer et al. 1974; Pearson et al. 1984). The fungus is
suspected to infect hosts through a toxin-mediated process by creating an artificial opening in
host tissue, but the process is not well understood (Bellaloui et al. 2012; Abbas et al. 2019;
Abbas et al. 2020). Analysis of the metabolic profiles of M. phaseolina isolates was a necessary
step in identifying the key pathogenic factors and characterizing the pathogenesis of the disease.
The genetic diversity of the fungus permits the pathogen to produce a large number of secondary
metabolites, and the metabolic profiles of M. phaseolina isolates from different regions are
expected to be different due to genetic variability (Sarr et al. 2014; Reyes-Franco 2006).
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Chemical analysis of M. phaseolina isolates from Illinois, Louisiana, Mississippi, Oklahoma, and
Tennessee showed that (-)-botryodiplodin was produced in the majority of isolates at varying
levels and not restricted to specific regions. In contrast, mellein was detected at varying levels in
some isolates but only those isolates originating from Mississippi.
Mellein, a dihydroisocoumarin compound, was first reported to be produced by
Aspergillus melleus Yukawa in 1933 (Nishikawa 1933) and later was reported to be produced by
A. ochraceus K. Wilhelm in association with ochratoxin A, which is where the compound
receives the alternative name ochracin (Moore et al. 1972). However, the compound was found
not to play an intermediatory role in the biosynthesis of ochratoxin A despite structural similarity
(Harris et al. 2001). In 2020, Khambhati et al. (2020) identified mellein production by M.
phaseolina isolates through GC-MS analysis. Mellein is produced by several different fungi,
including Botryosphaeria obtusa (Schweinitz) Shoemaker [syn. Diplodia seriata De Notaris]
(Djoukeng et al. 2009), Lasiodiplodia theobromae (Pat.) Griffon & Maubl. (Aldridge et al.
1971), Septoria nodorum (Berkeley) Berkeley [syn. Parastagonospora nodorum (Berk.)
Quaedvlieg, Verkley & Crous] (Sachse 1992) and many others (Reveglia et al. 2002), plants,
insects, and bacteria (Reveglia et al. 2020; Harris and Mantle 2001; Brand et al. 1973). Mellein is
a biologically active compound and is toxic to plants, cell, fungi, algae, and insect larva
(Reveglia et al. 2020; Nishikawa 1933; Moore et al. 1972; Harris et al. 2001; Djoukeng et al.
2009; Aldridge et al. 1971; Sachse 1992; Brand et al. 1973; Citron et al. 2012; Cabras et al.
2006). To determine the independent effect of pure mellein in soybean, testing the phytotoxicity
of mellein in a soybean system was required as the toxicity of secondary metabolites may not be
similar across different host systems. In addition, no previous studies reported using soybean
bioassays for phytotoxicity studies on mellein. No symptoms on the plants were observed at the
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lower, naturally occurring, levels of mellein, but wilting was observed at the higher
concentrations which was approximately 100 times higher than naturally occurring levels.
Cabras et al. (2006) reported similar findings in tomato cuttings with mellein-induced wilting.
This suggests that mellein may affect the plant roots on a molecular level or may work with other
secondary metabolites by amplifying the effects of more potent toxins.
Evaluation of M. phaseolina CCFs at two dilution levels in hydroponic soybean culture
yielded various phytotoxic responses. The CCFs were able to induce phytotoxic symptoms, such
as chlorosis, necrosis, wilting, and death, induce stunting, reduce seedling biomass, and damage
roots. Dilution of the culture filtrates was essential since at full concentration the seedlings
would immediately die, but also, the Czapek-Dox broth component of the CFFs had a slight
phytotoxic effect on the plants. All M. phaseolina cultures that produced mellein and/or (-)botryodiplodin had varying degrees of phytotoxic effect, and comparison of the occurrence and
concentrations of mellein and (-)-botryodiplodin to phytotoxic response showed no obvious
correlation. Despite the inconsistency, in-culture phytotoxic responses of soybean appear to be
similar to phytotoxic responses in the field (Hartman et al. 2015; Ghose et al. 2018; Meyer et al.
1974).
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Table A.1

Phytotoxicity of Macrophomina phaseolina (Mp) cell-free culture filtrates against soybean seedlings, germplasm line
DT97-4290, in hydroponic culture.
1:1 Dilution / 1:3 Dilution z

Mp
Isolate

Collection Site y

Mellein
(µg/L)

Botryodiplodin
(mg/L)

Phytotoxicity
Rating

Dry
Weight

Stem
Growth

Volume
Consumed

A-2

MS

0

0

NS / NS

NS / NS

NS / NS

NS / NS

A-3

MS

0

29.16

NS / NS

NS / NS

NS / NS

NS / NS

A-4

MS

1708

4.567

NS / NS

NS / NS

NS / NS

NS / NS

A-5

MS

0

17.01

NS / NS

NS / NS

NS / NS

NS / *

A-6

MS

0

36.95

** / NS

NS / NS

* / NS

* / NS

A-7

MS

0

4.417

*** / NS

NS / NS

* / NS

*/*

A-8

MS

0

0

NS / NS

NS / NS

* / NS

NS / NS

A-9

MS

0

14.99

** / NS

NS / *

NS / NS

*/*

A-10

MS

0

42.76

**** / *

NS / NS

** / NS

**** / NS

A-11

MS

581.7

15.29

* / NS

NS / NS

* / NS

* / NS

A-12

MS

309.1

5.004

NS / NS

NS / NS

NS / NS

NS / NS

A-13

MS

170.2

8.438

NS / NS

NS / NS

NS / NS

** / NS

A-14

MS

0

35.82

NS / NS

NS / NS

NS / NS

NS / NS
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Table A.1 (Continued)
A-15

MS

0

0

NS / NS

NS / NS

NS / NS

NS / NS

A-16

MS

79.72

5.977

NS / NS

NS / NS

NS / NS

NS / NS

A-17

MS

678.7

1.467

NS / NS

NS / NS

NS / NS

NS / NS

A-18

MS

50.29

36.6

** / **

NS / NS

NS / NS

NS / NS

A-19

MS

356.2

1.149

NS / *

NS / NS

NS / NS

NS / NS

A-20

MS

97.99

10.43

NS / *

NS / NS

NS / NS

* / NS

A-21

MS

0

34.05

NS / NS

NS / NS

NS / NS

NS / NS

A-22

MS

0

38.99

**** / ****

NS / NS

NS / NS

**** / NS

A-23

MS

0

25.15

**** / ***

NS / *

* / NS

NS / NS

A-24

MS

48.87

21

**** / NS

NS / NS

NS / NS

NS / NS

A-25

MS

70.48

43.67

**** / ****

* / NS

** / NS

* / NS

A-26

MS

0

0

**** / NS

NS / NS

NS / NS

NS / NS

A-27

MS

0

0

NS / NS

NS / NS

NS / NS

NS / NS

A-28

MS

51.94

4.373

* / NS

NS / NS

** / NS

** / NS

A-29

MS

0

0

NS / NS

NS / NS

NS / NS

NS / NS

A-30

MS

0

6.204

NS / NS

NS / NS

NS / NS

NS / NS

A-31

MS

0

23.23

NS / *

NS / NS

NS / NS

NS / NS
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Table A.1 (Continued)
A-32

MS

0

42.21

NS / NS

NS / NS

NS / NS

NS / NS

A-33

MS

0

0

NS / NS

NS / NS

NS / NS

NS / NS

A-34

MS

190.6

20.35

** / NS

NS / *

**** / NS

** / **

A-35

MS

0

31.81

**** / ****

** / **

**** / *

**** / ***

A-36

MS

120.1

17.26

**** / *

* / NS

**** / NS

*** / **

A-37

MS

0

69.92

**** / ****

** / **

**** / *

*** / ***

B-1

MS

0

51.57

**** / ****

NS / **

**** / *

*** / **

B-2

MS

341.5

23.51

*** / ****

NS / *

**** / *

*** / **

B-3

MS

0

26.3

NS / *

NS / NS

*** / **

NS / NS

B-4

MS

0

62.35

* / ****

NS / *

**** / **

NS / NS

C-1

MS

145.1

1.07

*** / ****

NS / NS

**** / **

NS / NS

C-2

MS

224.8

5.914

NS / ***

NS / NS

**** / NS

NS / NS

C-3

MS

52.74

19.58

**** / ****

NS / **

**** / *

NS / NS

C-4

MS

0

31.23

*** / ****

NS / NS

**** / NS

NS / NS

C-5

MS

349.4

0

**** / NS

NS / NS

NS / **

NS / NS

C-6

MS

0

0

**** / ****

*** / *

NS / NS

*** / NS

C-8

MS

0

2.762

**** / ***

NS / NS

NS / NS

** / *
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Table A.1 (Continued)
C-9

MS

2203

2.138

*/*

NS / NS

** / NS

** / **

C-10

MS

884.8

0.6138

**** / **

* / NS

* / NS

NS / NS

C-11

MS

0

0

**** / *

NS / NS

** / NS

NS / NS

C-12

MS

0

47.56

**** / ***

*** / NS

**** / ****

**** / ***

C-13

MS

228.3

0

**** / ****

NS / NS

NS / NS

NS / NS

C-14

MS

104.7

0.4677

*/*

NS / NS

**** / *

NS / NS

C-15

MS

0

22.18

NS / **

NS / NS

**** / *

**** / ***

D-1

MS

0

0.8633

**** / ***

NS / NS

NS / NS

NS / NS

D-2

MS

0

33.3

**** / ****

NS / *

**** / ****

**** / ***

D-3

MS

55.45

20.11

**** / **

NS / NS

** / NS

NS / NS

D-4

MS

97.73

7.098

**** / *

** / NS

**** / *

**** / NS

D-5

MS

0

23.8

**** / **

** / NS

**** / **

**** / *

D-6

MS

0

1.14

NS / ***

* / NS

** / **

** / NS

D-7

MS

0

0

**** / ****

NS / **

*/*

*** / ****

D-8

MS

0

31.89

**** / ****

NS / NS

**** / ***

**** / **

D-9

MS

0

0

*** / ****

NS / NS

NS / NS

NS / NS

D-10

MS

0

1.851

**** / **

NS / NS

* / NS

NS / NS
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Table A.1 (Continued)
E-1

MS

0

15.73

** / ****

NS / NS

**** / ****

** / *

MP-235

MS

0

40.27

**** / ****

** / NS

** / NS

**** / *

TN-4

TN

0

48.55

NS / NS

*/*

* / NS

**** / ****

TN-260

TN

0

46.77

*** / ***

*** / NS

*** / ****

*** / ***

TN-261

TN

0

55.56

**** / ***

**** / *

**** / ****

**** / ***

TN-262

TN

0

31.5

**** / **

**** / NS

**** / ****

**** / **

TN-263

TN

0

0

** / *

** / NS

** / *

** / NS

TN-264

TN

0

45.34

**** / **

**** / NS

**** / ****

**** / **

TN-279

TN

0

36.37

** / *

NS / NS

**** / **

** / NS

TN-280

TN

0

56.68

*** / *

NS / NS

**** / ***

** / NS

TN-281

TN

0

54.13

*** / **

NS / NS

**** / ****

*** / *

TN-282

TN

0

39.63

NS / *

NS / NS

**** / ***

** / NS

TN-283

TN

0

0

NS / *

NS / NS

* / NS

NS / NS

TN-314

TN

0

41.41

NS / NS

NS / NS

*** / *

NS / NS

TN-315

TN

0

37

NS / NS

NS / NS

* / **

NS / NS

TN-316

TN

0

28.65

** / ***

* / NS

** / NS

**** / *

TN-317

TN

0

4.555

**** / ****

** / *

*** / **

**** / ****
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Table A.1 (Continued)
TN-318

TN

0

15.54

NS / *

NS / *

NS / ***

NS / *

TN-319

TN

0

43.31

* / NS

NS / NS

*** / *

**** / *

TN-320

TN

0

33.62

NS / NS

NS / NS

* / NS

*** / NS

TN-321

TN

0

2.314

* / **

*/*

**** / NS

**** / ***

TN-518

TN

0

26.38

NS / *

* / NS

**** / *

**** / **

MP-205

LA

0

0

** / NS

NS / NS

NS / NS

** / NS

MP-279

OK

0

54.98

**** / ****

** / *

** / **

*** / **

U18

IL

0

33.58

* / ****

NS / NS

NS / NS

NS / NS

y

IL = Illinois, USA; LA = Louisiana, USA; MS = Mississippi, USA; OK = Oklahoma, USA; TN = Tennessee, USA.
NS = No significant difference
Statistical differences against the control labeled with asterisks at the corresponding levels of significance: **** p < 0.0001, *** p <
0.001, ** p < 0.01, * p < 0.05. NS denotes no statistical significance.
z
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Table A.2

Optimized LC-MS/MS parameters for (-)-botryodiplodin and mellein.

Compound

Retention Time
(min)

Precursor Ion
m/z

DP a

(-)-Botryodiplodin

4.7

127.1

61

Mellein

9.1

179.1

96

a

declustering potential
collision energy
c
cell exit potential
b

59

Fragment Ion
m/z

CE b (V)

CXP c (V)

83.0

17

6

85.0

17

6

105.1

32

40

115.1

8

8
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Table B.1

Phytoxicity of mellein against soybean seedlings, germplasm line DT97-4290, in hydroponic culture
Mellein (µg/mL)

Phytotoxicity Rating z

Dry Weight z

Stem Growth z

Volume Consumed z

1.25

NS

NS

NS

NS

2.5

NS

NS

NS

**

5.0

NS

NS

NS

*

10

NS

NS

NS

**

20

NS

NS

NS

NS

40

****

NS

NS

**

60

****

NS

NS

**

80

****

NS

NS

*

100

****

NS

NS

NS

z

NS = No significant difference
Statistical differences against the control labeled with asterisks at the corresponding levels of significance: **** p < 0.0001, *** p <
0.001, ** p < 0.01, * p < 0.05. NS denotes no statistical significance.
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Figure B.1

Soybean seeds, germplasm line DT97-4290, planted in rehydrated Jiffy-7® 42 mm
peat pellets placed in a 21” × 11” × 2” black flat tray.

Figure B.2

Liquid cultures of Macrophomina phaseolina incubating in Innova 40 Benchtop
Incubator Shaker (New Brunswick Scientific, Edison, NJ, USA) which is set to
110 RPM and 28°C.
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Figure B.3

Vacuum filtration of Macrophomina phaseolina crude liquid filtrates by disposable
Nalgene Rapid-Flow (Thermo Fisher Scientific, Rochester, NY, USA) filter flask
unit fitted with 0.45 µm pore-size CN membrane filter.

Figure B.4

Flask of Macrophomina phaseolina cell-free culture filtrate after vacuum filtration.
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Figure B.5

Phytotoxicity assay of Macrophomina phaseolina cell-free culture filtrates at two
dilution levels against soybean plants, germplasm line DT97-4290, in hydroponic
culture.

Figure B.6

Soybean plant, germplasm line DT97-4290, treated with control, Czapek-Dox
broth, induced no phytotoxic symptoms and remained healthy after 120 hours.
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Figure B.7

Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate A-16 induced chlorosis of unifoliate
and trifoliate leaves after 120 hours.

Figure B.8

Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate TN-318 induced chlorosis and
marginal necrosis of trifoliate leaves after 120 hours.
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Figure B.9

Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate D-6 induced spotted necrosis and
chlorosis of trifoliate leaves after 120 hours.

Figure B.10 Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate TN-263 induced chlorosis and
browning of trifoliate leaves after 120 hours.

66

Figure B.11 Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate C-8 induced photobleaching and
marginal and interveinal necrosis of trifoliate leaves after 120 hours.

Figure B.12 Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate D-7 induced necrosis and death of
unifoliate leaves after 120 hours.
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Figure B.13 Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate TN-317 induced necrotic veins of
trifoliate leaves and plant death after 120 hours.

Figure B.14 Soybean plant, germplasm line DT97-4290, treated with the cell-free culture
filtrate of Macrophomina phaseolina isolate B-1 induced plant death after 120
hours.
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Figure B.15 Phytotoxicity assay of mellein (0-100 µg/mL) against soybean plants, germplasm
line DT97-4290, in hydronic culture.

Figure B.16 Wilting of unifoliate leaves of soybean plant, germplasm line DT97-4290, treated
with 80 µg/mL mellein after 120 hours.

69

